The results of a computer-assisted whole-cell protein sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis of 291 isolates and 74 reference strains belonging to all known species of the genus Legionella revealed that the majority of the species of this genus can be adequately identified by this method. The type strain of Legionella bozemanii did not cluster with the other strains of this species, and the only strain of Legionella geestiana available clustered with the strains of Legionella feeleii. When we performed a numerical analysis by omitting certain portions of the pattern containing dense bands, all of the species could be distinguished. Our results also show that the type strains of Legionella nautarum and Legionella londiniensis deposited in the National Collection of Type Cultures do not correspond to the type strains deposited in the American Type Culture Collection. We used the results of a fatty acid and ubiquinone composition analysis to complement the SDS-PAGE results for several strains whose identities as determined by indirect immunofluorescence were doubtful. Computer-assisted SDS-PAGE of whole-cell proteins can be used in the classification of Legionella species and to identify and screen large numbers of isolates for further, in-depth taxonomic studies of smaller numbers of strains.
At this time, there are 39 validly described species and three subspecies in the family Legionellaceae (2, 5) . Several of these organisms are responsible for Legionnaires' disease (6, 8, 20) and Pontiac fever (10) . Most authors place all of these species in the genus Legionella, although two other genera, the genus Tatlockia for Legionella micdadei and Legionella maceachernii and the genus Fluoribacter for Legionella bozemanii, Legionella dumoffii, and Legionella gormanii, have been validly described (4, 7, 9) . The large number of species and difficulties in distinguishing most of these species on the basis of phenotypic characteristics hinder the identification of strains belonging to the genus Legionella.
Serogrouping in which polyvalent antisera or monoclonal antibodies are used is the most common method used to identify Legionella species, and frequently, new species are recognized because isolates are not serologically reactive with the existing antisera. In many cases, species are divided into serogroups or monoclonal antibody subgroups mainly for clinical and epidemiological purposes (12, 34) . However, the occurrence of cross-reactions can be misleading in the identification of Legionella species, and serological diversity is frequently observed in some species, particularly Legionella pneumophila, so the number of different antisera needed to identify isolates is cumbersome.
Cultural and biochemical characteristics (31, 32) , including fatty acid compositions and quinone contents (17, 35) , are useful in the identification of Legionella species, but in most cases these characteristics are useful only for assigning Legionella species to groups composed of several species. Multilocus enzyme electrophoresis, DNA fingerprinting, and ribotyping can be used to distinguish most of the Legionella species that have been examined, but these techniques have not been used extensively and are too time consuming for rapid identification of these organisms (1, 11, 22, 23, 36) . In many cases, wholegenome DNA-DNA hybridization is the only method used to describe and conclusively identify Legionella species (3, 5) , but this technique is difficult to use with a large number of isolates.
Protein sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) has also been used with several Legionella species, but the comparisons were limited to visual observations of the gels and the method could not be used with large numbers of isolates (18, 25) . It has been established that computer-aided comparisons of whole-cell electrophoretic protein patterns provide a reliable way to measure genomic relatedness that is comparable to DNA-DNA hybridization in other bacteria (13, 27) . The main advantage of numerical analysis of whole-cell electrophoretic protein patterns is that large numbers of bacterial strains can be compared by a relatively rapid, reliable, high-resolution method. Another advantage of this method is the fact that it is possible to store digitally processed electrophoretic traces of representative strains on computer files and to use these traces to construct large databases which can be used to identify new isolates.
In this study we performed a computer-assisted comparison of whole-cell protein profiles generated by SDS-PAGE and developed a simple and reliable procedure to identify isolates of Legionella spp. and to determine the potential use of this method in the systematics of these organisms. Below we describe the results of a numerical analysis in which we used the protein profiles of 365 isolates and reference strains that were representative of all of the Legionella species that have been described.
MATERIALS AND METHODS
Bacterial strains. The strains which we examined and their origins are shown in Table 1 . A total of 261 isolates were recovered by us from thermal springs, thermal spring runoffs, thermal spas, plumbing systems, neonatal incubators, and lung aspirates. Thirty strains whose designations begin with Ch were kindly donated and identified (by immunofluorescence [IFA] ) by the National Legionella Reference Laboratory, Vyskov, Czech Republic. The vast majority of the isolates were identified by the indirect IFA method by using the antisera described previously (19, 29, 30) . However, 31 of our isolates, most of which were obtained from the hot spring designated LA, and 11 isolates whose designations begin with Ch could not be identified by the IFA technique. All strains were (14) . Supernatants were stored at Ϫ20ЊC for short-term use and were kept at Ϫ80ЊC for long-term storage. SDS-PAGE of the whole-cell protein extracts was performed by the procedure of Laemmli (16) , as modified by Kiredjian et al. (14) , at 10ЊC and a constant current of 16 mA in a model SE600 electrophoresis apparatus (Hoefer).
Numerical analysis of the protein electropherograms. Protein electrophoretic patterns were scanned with a model XL Ultroscan laser densitometer (LKB, Bromma, Sweden). An objective comparison and normalization of the lanes on different slab gels were achieved by including a protein extract of Psychrobacter immobilis LMG 1125 (Laboratorium voor Microbiologie, Universiteit Gent, Ghent, Belgium) as a reference four times in each gel. A densitometric analysis, normalization and interpolation of the protein profiles, a numerical analysis, and construction of the database were performed by using the PC-Windows software package GelCompar (version W3.0; Applied Maths, Kortrijk, Belgium) as described previously (28) . The levels of similarity between pairs of traces were computed by using the Pearson product-moment correlation coefficient, and data were clustered by using the unweighted pair group method with arithmetic average algorithm (24) . Unless indicated otherwise, the numerical analysis was performed by using points 10 to 330 of the 400 points obtained for each interpolated trace.
Ubiquinone and fatty acid analyses. Ubiquinones were extracted from freezedried cells and were purified by thin-layer chromatography as described by Tindall (26) . The lipoquinones were separated with a Gilson high-performance liquid chromatography apparatus by using a reverse-phase (RP18) column (Spherisorb S5 ODS2) and methanol-heptane (10:2, vol/vol) as the mobile phase and were detected at 270 nm.
The cultures used for the fatty acid analysis were grown as described above. Fatty acid methyl esters were obtained from fresh wet biomass by saponification, methylation, and extraction (15) . The fatty acid methyl esters were separated with a Hewlett-Packard model 5890 gas chromatograph by using the Microbial Identification System MIDI protocol (Microbial ID, Inc., Newark, Del.). Fatty acid methyl esters were identified and quantified and a numerical analysis of the fatty acid profiles was performed by using the MIDI software package.
RESULTS AND DISCUSSION
The reproducibility of the protein electrophoretic technique was verified by using P. immobilis LMG 1125, and only the gels with levels of similarity of 93% or more (mean, 95%) were used for the numerical analysis. Our numerical analysis of the whole-cell SDS-PAGE profiles of 365 strains resulted in the formation of 22 clusters, and 18 strains did not belong to any cluster ( Fig. 1) . In most cases the clusters corresponded to Legionella species, while 17 of the unclustered strains belonged to species represented by type strains alone. However, the type strain of L. bozemanii (ATCC 33217) and the reference strain for serogroup 1 reference strain were not included in cluster 4 with L. bozemanii serogroup 2 strain ATCC 35545 or with any of the other isolates identified as L. bozemanii regardless of their identification as serogroup 1 or 2 strains by IFA. The division of the strains of this species in the numerical analysis was due to the presence of one intense band in L. bozemanii ATCC 33217 T (T ϭ type strain) between points 160 and 190 on the electrophoretic trace (Fig. 2) . After the corresponding zone was removed from the numerical analysis, all of the L. bozemanii strains examined in this study formed one cluster at a similarity level of 80%. The removal of this zone from the numerical analysis did not influence the formation of any of the other clusters, but we chose not to exclude this zone, because only one L. bozemanii strain that produced this protein profile was available, and this was not sufficient to confirm the cause for the division of this species into two electrophoretic groups. On the other hand, Legionella geestiana ATCC 49504 T could not be distinguished from the three Legionella feeleii strains (cluster 16) by the results of the standard numerical analysis which we used. The strains of these two species could be separated from each other without affecting any of the other clusters when points 76 to 103 were omitted from the numerical analysis. This zone included a dense band that was present in all strains. The major ubiquinones of these two species were also similar ( Table 2 ), but the fatty acid compositions could be used to distinguish L. feeleii from L. geestiana (Table 3 ) and were consistent with the results of Dennis et al. (5) .
A total of 27 reference strains and 173 isolates identified on the basis of serology as Legionella pneumophila strains formed one cluster (cluster 15) at a similarity level of 60%. The low level of similarity of the strains of this species was due to a zone corresponding to points 226 to 259 that contained one major band in several strains. Elimination of this zone resulted in a cluster with a similarity level of 71% for all of the strains examined. Nevertheless, L. pneumophila has been considered heterogeneous, and it has been argued that three species could be described for L. pneumophila strains on the basis of wholegenome DNA-DNA hybridization data (2) . The same conclusion was reached by using multilocus electrophoretic analysis data (23) . On the basis of these considerations the species L.
FIG. 2.
Computer-generated normalized electrophoretic protein patterns of all of the type strains of members of the genus Legionella. The positions of the molecular weight markers (MWM) are indicated at the bottom. The molecular weight markers used were (from left to right) trypsin inhibitor (molecular weight, 20,100), trypsinogen (24,000), carbonic anhydrase (29,000), glyceraldehyde-3-phosphate dehydrogenase (36,000), egg albumin (45,000), and bovine albumin (66,000).
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pneumophila was subdivided into three subspecies, L. pneumophila subsp. pneumophila, L. pneumophila subsp. fraseri, and L. pneumophila subsp. pascullei (2) . A numerical analysis performed with the 27 reference strains of L. pneumophila in which we used points 10 to 226 and 259 to 330 of the electrophoretic traces revealed that the strains of each of the three subspecies formed a subcluster. One subcluster, which was defined at a similarity level of 80%, included strains previously assigned to L. pneumophila subsp. pneumophila. The two other subclusters, which were defined at levels of similarity of 88 and 90%, included the strains of L. pneumophila subsp. fraseri and L. pneumophila subsp. pascullei, respectively (Fig. 3) . The low level of similarity obtained for the subcluster containing the reference strains of L. pneumophila subsp. pneumophila may reflect a higher level of diversity within this subspecies.
When the same type of numerical analysis was applied to the reference strains and field isolates, the same general subclusters were obtained (data not shown), although none of the field isolates formed a subcluster with the strains of L. pneumophila subsp. fraseri or L. pneumophila subsp. pascullei. Nine isolates identified by IFA as members of L. pneumophila serogroups 1, 2, 3, and 8, which were isolated from hot springs in Iceland, the Azores, and continental Portugal, and L. pneumophila serogroup 11 strain ATCC 43130 could not be included in the subclusters corresponding to the three subspecies of L. pneumophila. However, because of the high levels of similarity of these isolates with L. pneumophila and the IFA results, we considered them members of this species.
Our results also revealed that the serogroups of L. pneumophila do not correspond to particular electrophoretic profiles, which confirmed previous results (2, 23) . L. pneumophila strains with similarity coefficients of more than 93 to 95%, which generally originated from the same site or sites within restricted geographical areas (19, 29) and belonged to the same serogroup, formed subclusters at extremely high levels of similarity and presumably had clonal origins.
Six isolates identified as L. dumoffii strains were recovered in cluster 3 along with L. dumoffii ATCC 33279 T . Two blue-white autofluorescent strains (strains Ch-23 and Ch-24) formed a cluster (cluster 14) with Legionella cherrii ATCC 35252
T at a level of similarity of 79%. These isolates were received by us as L. dumoffii strains, but they could not be identified by us by IFA. Moreover, these isolates could not be tentatively assigned to any species on the basis of fatty acid composition and ubiquinone analysis data, because these chemotaxonomic parameters do not distinguish the blue-white autofluorescent species (35) . Cluster 2 comprised five blue-white autofluorescent strains that were isolated from tap water in hotels, hospitals, and dormitories in the Czech Republic and could not be identified by IFA. This cluster formed at a similarity level of 83%, but did not contain any of the reference strains examined in this study. The isolates belonging to this cluster formed a homogeneous group on the basis of fatty acid composition and respiratory quinone analysis data (Tables 2 and 3 ). The cluster 2 strains may represent a different electrophoretic type of a known species or an undescribed Legionella species. L. gormanii ATCC 33297 T and another isolate from the Czech Republic identified by IFA as a strain of this species formed cluster 12. Cluster 13, which formed at a similarity level of 81%, included the type strain of Legionella steigerwaltii (ATCC 35302) and another strain identified by IFA as a L. gormanii strain. The isolates identified as Legionella birminghamensis and Legionella oakridgensis strains formed clusters with the type strains of these species at levels of similarity of 85% (cluster 8) and 81% (cluster 11), respectively. Clusters 9 and 10 contained the type strains of the red autofluorescent species Legionella erythra (ATCC 35303) and Legionella rubrilucens (ATCC 35304), respectively. Two isolates identified by IFA as L. erythra, two isolates identified as L. rubrilucens, and one isolate identified as Legionella spiritensis were also recovered in cluster 9 at a similarity level of 84%. At a level of similarity of 90%, isolates Ch-16 and Ch-17, both of which were identified by IFA as L. spiritensis strains, formed a cluster with L. rubrilucens ATCC 35304 T . One isolate received as an L. spiritensis strain (Ch-16) exhibited red autofluorescence, but two other strains did not. Ubiquinone 12 was the major respiratory quinone in these three strains, whereas ubiquinone 13 is the major quinone in L. spiritensis ATCC 35249 T (Table 2) , which confirmed the SDS-PAGE protein identification of these three isolates as L. erythra or L. rubrilucens strains. The absence of red autofluorescence in L. erythra and L. rubrilucens strains is rare but has been described previously (35) . Although we decided to place L. erythra and L. rubrilucens strains in separate clusters, these two species are clearly closely related as determined by a numerical analysis of whole-protein SDS-PAGE. Moreover, DNA-DNA hybridization also revealed that although the type strains of L. erythra and L. rubrilucens belong to two distinct genomic species, they are nevertheless closely related (3, 21) . In fact, some strains assigned to L. erythra are serologically indistinguishable from L. rubrilucens strains (21), indicating that further moleculargenetic studies should be performed with these two species. Cluster 5, which was defined at a similarity level of 78%, included the type strain of Legionella sainthelensi, 29 unidentified isolates obtained from one hot spring in Portugal, 2 isolates identified by IFA as L. sainthelensi strains, and 2 isolates identified as Legionella santicrucis strains. The last four isolates produced strong cross-reactions in IFA tests with strains of either species, and their identities were considered tentative. These isolates have fatty acid compositions that are distinct from the fatty acid compositions of the type strains of L. sainthelensi and L. santicrucis (Table 3) , but the SDS-PAGE results showed that these organisms, which originated from four different geothermal areas, have protein patterns that are indistinguishable from those of L. sainthelensi strains and probably are members of this species. Our results also showed that the type strain of L. santicrucis has a distinct SDS-PAGE protein profile. Clusters 6, 7, 17, 18 , and 19 included the type and reference strains of (and in most cases, isolates identified as) Legionella longbeachae, Legionella jordanis, Legionella hackeliae, Legionella brunensis, and Legionella moravica, respectively. These clusters formed at levels of similarity that varied between 83 and 88%. L. micdadei ATCC 33218 T and ATCC 33204 and seven isolates obtained from thermal areas in the Azores and continental Portugal formed cluster 20 at a similarity level of 75%.
Clusters 21 and 22 were composed of strains of Legionella nautarum and Legionella londiniensis, respectively. Our isolates were identified initially by IFA as L. londiniensis strains by using antisera obtained from the Centre National de Référ-ence des Legioneloses, Lyon, France (19, 29) , but L. nautarum NCTC 12375 T , which was obtained on two separate occasions, belonged to an SDS-PAGE cluster that exhibited a high level of similarity with our isolates. Antisera to L. nautarum and L. londiniensis were also obtained from the National Collection of Type Cultures, and these antisera produced contradictory results which led to the identification of our isolates as L. (Tables 2 and 3 ). It should be noted, however, that the chemotaxonomic parameters of the type strains deposited in the National Collection of Type Cultures correspond to those of the two species reported initially (33) . Therefore, it will be necessary to obtain complete histories of these strains to clarify the origins of the strains deposited in the National Collection of Type Cultures which do not correspond to the strains deposited in the American Type Culture Collection. For 18 species, only the type strains were available, and none of these organisms except L. geestiana, belonged to a cluster that included other species. In a few cases, a species represented by only the type strain produced an SDS-PAGE profile that was similar to the profiles produced by members of a cluster formed by strains belonging to another species. For example, the level of similarity for Legionella quinlivanii ATCC 43830 T and L. birminghamensis was 84%. Other strains that are not available now will have to be examined to ascertain if this method can be used to identify these species.
With the exception of the strains of L. bozemanii, which had two electrophoretic types, and the type strain of L. geestiana, which clustered with L. feeleii as determined by the standard method of numerical analysis in which points 10 to 330 of the traces were used, all of the type strains could be distinguished from one another by the method which we used. Some of the isolates could not be identified by IFA, but the vast majority of the isolates and reference strains were included in a cluster that contained the type strain of a species. The assignments of the isolates to species were generally supported by the results of the fatty acid and ubiquinone composition analyses, indicating that computer-assisted SDS-PAGE is a useful method for identifying isolates. Our data also show that deletion of small zones from electrophoretic traces can greatly improve species discrimination and result in identification of all of the type strains of the species of the genus Legionella. The large number of reference strains and isolates of L. pneumophila that belong to one cluster provides a suitable example of the resolution of the method.
On the basis of our results, we concluded that computerassisted whole-protein SDS-PAGE can be used in taxonomic studies of Legionella species, particularly because phenotypic characteristics and fatty acid and respiratory quinone analysis data cannot be used to distinguish most Legionella species.
